Sn NMR spectroscopy and DFT calculations are used to investigate phase evolution, local structure and disorder in Y 2 Zr 2Àx Sn x O 7 ceramics, where a phase change is predicted, from pyrochlore to defect fluorite, with increasing Zr content. The ability of NMR to effectively probe materials that exhibit positional and compositional disorder provides insight into the atomic-scale structure in both ordered and disordered phases and, by exploiting the quantitative nature of the technique, we are able to determine detailed information on the composition of the phase(s) present and the average coordination number (and next-nearest neighbour environment) of the cations. In contrast to previous studies, a more complex picture of the phase variation with composition emerges, with single-phase pyrochlore found only for the Sn end member, and a single defect fluorite phase only for x = 0 to 0.6. A broad two-phase region is observed, from x = 1.8 to 0.8, but the two phases present have very different composition, with a maximum of 13% Zr incorporated into the pyrochlore phase, whereas the composition of the defect fluorite phase varies throughout. Preferential ordering of the anion vacancies in the defect fluorite phase is observed, with Sn only ever found in a six-coordinate environment, while remaining vacancies are shown to be more likely to be associated with Zr than Y. Our findings are then discussed in the light of those from previous studies, many of which utilize diffraction-based approaches, where, in most cases, a single phase of fixed composition has been assumed for the refinement procedure. The significant and surprising differences encountered demonstrate the need for complementary approaches to be considered for a detailed and accurate picture of both the long-and short-range structure of a solid to be achieved.
New insights into phase distribution, phase composition and disorder in Y 2 (Zr,Sn) 2 
Introduction
The crystal chemical flexibility of pyrochlore and fluorite-based oxide materials has resulted in a wide range of applications, including energy materials, waste encapsulation and catalysis. [1] [2] [3] [4] [5] There is, therefore, considerable interest in understanding the structure-property relationships in these materials, i.e., investigating how phase evolution, cation/anion disorder and local structure vary with composition, and how this subsequently affects the physical and chemical properties and, ultimately, the potential end applications, of such systems. Much of the previous work in this area has focussed on the use of diffraction-based techniques. While these have much to offer for more ordered systems, the detailed investigation of disordered materials using these methods is challenging, with information typically obtained only on an ''average'' structure. In contrast, spectroscopic methods are often more sensitive to the atomic-scale environment, providing a more detailed understanding of the local structure. Pyrochlores have the general formula A 2 B 2 O 7 , adopting Fd% 3m symmetry, and are an ordered superstructure of fluorite (AO 2 ), with the ordered removal of 1/8 of the oxygen atoms, and an ordered cation arrangement, as shown in Fig. 1(a) . 6, 7 The cation superstructure of pyrochlore is based upon ordering of A and B cations parallel to the h110i direction, separated with respect to the origin by (1/2, 1/2, 1/2). Using Wyckoff notation, for origin choice 2 and placing A at the origin, these are located on the 16c (0, 0, 0) and 16d (1/2, 1/2, 1/2), atomic positions, respectively. The A cation adopts a distorted cubic coordination with oxygen (scalenohedron), while B is octahedrally coordinated, as shown in Fig. 1 . There are three crystallographically-distinct anion sites in the pyrochlore lattice, two of these are the occupied 48f (x 48f , 1/8, 1/8) and 8a (1/8, 1/8, 1/8), respectively. The third potential oxygen site 8b (3/8, 3/8, 3/8) is normally vacant. [8] [9] [10] Thus, the structure of any ideal pyrochlore can be described by just two parameters, x 48f and the unit cell parameter, a. The substitution of different cations can significantly affect the properties of a pyrochlore material, increasing its ionic conductivity, chemical durability or, in the context of waste encapsulation, changing its resistance to damage by radioactive decay. Many different substitutions (and coupled substitutions) are possible, providing materials with a wide range of variable properties. However, substitution can bring about a change of structure, as the pyrochlore structure is expected to be stable when the relative ratio of the cations, r A /r B , is between 1.46 and 1.78. 6, 11, 12 When the ratio falls below this, a defect fluorite structure (space group Fm% 3m) is formed, exhibiting, as shown in Fig. 1(b) , a random distribution both of cations and oxygen vacancies in the structure. This results in an average cation coordination number of 7. The possibility of this structural change with increasing substitution raises a number of pertinent questions, including whether a true ''solid solution'' is formed or a twophase field is present and, if the latter is the case, if the compositions of the two phases are identical or not. An understanding of the cation ordering (be it in the pyrochlore or defect fluorite phases) and the (average) coordination numbers is also desirable if the properties of materials are to be understood. The insight into local structure afforded by Nuclear Magnetic Resonance (NMR) spectroscopy is ideal for investigating disordered materials, and for providing complementary detail to the picture of the average structure obtained from diffraction. The chemical shift interaction is typically very sensitive to the coordination number, the nature of the next-nearest neighbour (NNN) environment and the local geometry. 13, 14 Although a rich source of information, the complex spectra that result (particularly when more than one crystallographically-distinct species is present) are difficult to interpret, and in recent years there has been increasing interest in the use of density functional theory (DFT) calculations alongside experimental work. [15] [16] [17] The use of codes that exploit the inherent periodicity and translational symmetry of the solid state avoid the need to model a solid as a ''cluster'', breaking bonds and perturbing the local environment (and, consequently, varying the calculated NMR parameters). 18, 19 Sn NMR spectra did not enable this information to be extracted easily, with broader, overlapped lineshapes observed. From the relative amounts of each type of Y species it was possible to demonstrate that (i) there was no mixing of cations between A and B sites and (ii) that Sn and Ti were randomly distributed on the B site, with no evidence for any clustering or ordering. 21, 23 In this work, we use a combination of 89 Y and
119
Sn NMR spectroscopy and DFT calculations to investigate the phase evolution, local structure and disorder in Y 2 (Zr,Sn) 2 O 7 ceramics, where a phase change is predicted, from pyrochlore to defect fluorite, with increasing Zr content. The ability of NMR to effectively probe materials that lack long-range order enables us to demonstrate evidence for a much wider two-phase region than previously postulated, and by exploiting the quantitative nature of the technique we are able to determine the composition of the phase(s) present and the average coordination number (and NNN environment) of the cations. Our findings are then discussed in the light of those from previous work (much utilizing diffraction-based approaches), with the differences encountered demonstrating the need for complementary approaches to be considered if a detailed and accurate picture of the long-and short-range structure of a disordered solid is to be achieved.
Experimental and computational methods

Synthesis
Ceramic oxides with composition Y 2 Zr 2Àx Sn x O 7 (x = 0.0 to 2.0) were synthesised by a conventional mixed metal-oxide process. Stoichiometric quantities of commercially available Y 2 O 3 , SnO 2 and ZrO 2 (Aldrich, 99.5%) were heated to 850 1C for 10 h followed by ball milling, using ZrO 2 balls and cyclohexane as the milling medium. After drying, the resultant powders were pressed into pellets using a uniaxial press. Samples were then heated to 1500 1C in air at a rate of 5 1C 14 The integrated intensities of the spectral resonances were determined using dmfit. 27 
Calculations
Calculation of total energies and NMR parameters was carried out using the CASTEP DFT code (version 4.1), 18 employing the gauge-including projector augmented wave (GIPAW) approach 28 to reconstruct the all-electron wavefunction in the presence of a magnetic field. Calculations were performed using the GGA PBE functional 29 and core-valence interactions were described by ultrasoft pseudopotentials. 30 A planewave energy cutoff of 50 Ry (B680 eV) was used, and integrals over the first Brillouin zone were performed using a Monkhorst-Pack grid with a k-point spacing of 0.05 Å
À1
. All calculations were converged as far as possible with respect to both k-point spacing and energy cutoff. Geometry optimisations of atomic coordinates and unit cell parameters were carried out in all cases, before the calculation of NMR parameters. Calculations were performed on a cluster at the University of St Andrews, consisting of 152 AMD Opteron processing cores partly connected by Infinipath high speed interconnects. Typical NMR calculation times were between 8 and 48 h, using 16 cores. Diagonalisation of the absolute shielding tensor, yields the three principal components, s 11 , s 22 and s 33 , from which the principal components of the shift tensor, d ii , can be generated using , acquired using either a spin echo or a CPMG pulse sequence (spectrum shown as ''spikelets''). CPMG spectra provide greater peak height signal, but are less successful at accurately representing the true peak shapes and intensities of the narrower resonances. 25, 26 This is more successfully achieved using a simple spin echo sequence. (a reasonable assumption based on Fig. 3 and 5, but discussed in more detail subsequently), the 89 Y NMR spectra suggest that, although a solid solution is formed (at least to some extent) at both extremes of the compositional range, there is a significant two-phase region present. Assuming each of the phases contains the same proportion of Y cations (i.e., is of composition Y 2 X 2 O 7 ) -reasonable in the light of the need for charge balance, and the method of fabrication -it is possible to determine the percentage of pyrochlore and disordered phases that are present, as shown in Fig. 6(a) . This shows that a substantial amount of the disordered phase appears to be present even when the Zr content is relatively low, with approximately equal amounts of the two phases present for x = 1.6. A single (disordered) phase is present from x = 0.6 to x = 0. From the plot in Fig. 5(b) , where the relative intensities of each of the resonances assigned to the pyrochlore phase are shown, and a consideration of the relative numbers of Sn and Zr cations surrounding each Y, it is possible to determine the relative proportion of Sn and Zr in this phase as x varies. From these values, and knowing the overall relative proportion of Sn and Zr used in the synthesis (i.e., the value of x), it is then simple to calculate the relative proportions of these two cations in the disordered phase (see the ESI † for details). Fig. 6(b) shows the relative amounts of Sn and Zr in each of the pyrochlore and in the defect fluorite phases (i.e., the composition of the phase) for each material within the series, and Fig. 6(c) plots the proportion of the total amount of Sn used in the synthesis (and, similarly, the total amount of Zr,) that is incorporated into the pyrochlore and disordered phases, respectively. It can be seen from Fig. 6(b) , that the composition of the pyrochlore phase formed varies very little throughout the series, rising to a maximum of B13% Zr, i.e., corresponding to a formula of Y 2 Zr 0.26 Sn 1.74 O 7 , which would appear to represent the solid-solution limit of Zr in Y 2 Sn 2 O 7 . The lack of compositional variation for this phase explains the small changes in chemical shift observed for the resonances in the NMR spectrum in Fig. 5(a) , and the similar peak intensities observed for these resonances as x varies. In contrast, the composition of the disordered phase varies significantly throughout the compositional range, explaining the considerable changes in chemical shift observed. This suggests that a significant amount of Sn can be incorporated into this phase (i.e., that the limit of solid solution is high), but that, as shown in Fig. 5 , for Sn-rich syntheses the pyrochlore phase is preferentially formed, with very little disordered phase produced. Fig. 6(c) shows that when x = 1.8, of the small proportion of Zr used, just over 60% is incorporated into a disordered phase, whilst just under 40% is found in the pyrochlore phase. As x decreases (i.e., for higher Zr content) a much greater proportion of the total Zr used is found in the disordered phase, reflecting the increasing amount of this phase formed.
It was shown in ref. 21 to provide information on B-site cation disorder, matching well to those predicted for a random distribution of cations, with little evidence for ordering or clustering found. If a random distribution is assumed, the probability of finding nSn NNN B sites, P(nSn), can be calculated using a binomial distribution with
, where O represents the number of possible permutations for the distribution of n Sn atoms over the 6 B sites. The predicted intensities, equally applicable to Y 2 Zr 2Àx Sn x O 7 , are shown in the ESI. † A comparison to the relative experimental intensities of the pyrochlore peaks, shown in Fig. 5(a) , confirms that only a small number of Zr cations appear to be incorporated into the pyrochlore phase, with good agreement obtained only if the proportion of Zr is low, no matter the formal value of x. This supports the previous conclusion of a relatively low solid-solution limit of Zr in Y 2 Sn 2 O 7 pyrochlore. If a random distribution of B-site cations is assumed it is possible to determine (from Fig. S3 .1 in the ESI †) the pyrochlore composition for which best agreement is obtained. These points are plotted on 
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with low numbers of Sn NNN in any of the spectra confirm that cation segregation, i.e., the formation of domains, is not observed for the pyrochlore phase. This is in agreement with previous conclusions from TEM measurements. 24 The results are shown in Fig. 3(b) , where the variation in d (Fig. 3(a) ), but is similar to the behavior observed for 
Sn spectra are plotted in Fig. 8(a) and (b) , respectively. Unlike 89 Y, these intensities cannot provide information directly on the proportion of the phases present, as the amount of Sn in each phase may vary. However, the relative proportion of Sn in the two phases at each composition can be determined easily (and is shown in Fig. 8(c)) . The values obtained are in excellent agreement with those determined (indirectly and independently) by 89 Y NMR shown in Fig. 6(c) , confirming the validity of the approach used previously.
So far, attention has been focussed on the number and nature of phases present for Y 2 (Zr,Sn) 2 O 7 , and on their composition and, for the pyrochlore phase only, the cation distribution. However, for the disordered defect fluorite phase, disorder of the anions/vacancies is also present. If the vacancy distribution were random the average coordination number of each of the different types of cations within this phase would be 7 Fig. 2 , and the plot in Fig. 5(b (as shown in Fig. 5(b) ), indicating a change in the average Y coordination number. The 119 Sn MAS NMR spectra in Fig. 7 show only Sn VI is present in all cases, (see the ESI † for more detail), suggesting that anion vacancies in the disordered phase are preferentially associated with this species. Combining the relative intensities of the spectral resonances (i.e., the proportion of each type of environment) with the number of vacancies associated with each (i.e., 0, 1 and 2 for eight-, seven-and sixcoordinate species, respectively), it is possible to determine the average coordination number for Y, Sn and Zr in the disordered phase for each of the compositions studied, as shown in Fig. 9 .
(Note that Fig. 9 plots this against the value of x determined for the disordered phase, shown in Fig. 6(b) , not the nominal value of x used in the synthesis). Fig. 9 shows that as Sn is introduced into the defect fluorite phase (i.e., as x increases) the coordination number of Y rises from B7.2 to close to 8, Fig. 6(b) ). Note, this is not the nominal composition of the starting materials.
while that of Zr drops from B6.8 to B6.5. Only Sn VI is observed for all compositions.
Discussion
The picture of Y 2 Zr 2Àx Sn x O 7 that emerges from NMR spectroscopy is a relatively complex one. Although a change is observed from a pyrochlore (at x = 2.0) to a defect fluorite phase (at x = 0), a significant two-phase region is present, from x = 1.8 to 0.8, before a single disordered defect fluorite phase is found from x = 0.6 to 0. However, the compositions of the two phases present simultaneously are very different, with an apparent solid solution limit of B13% Zr in Y 2 Sn 2 O 7 , whereas the composition of the disordered phase varies systematically, indicating that there does not appear to be a fundamental miscibility gap for this phase. As the initial amounts of Sn and Zr vary, it is not the composition of the pyrochlore phase that changes, but instead, as shown in Fig. 6a , the relative amount of the Sn-rich pyrochlore and the Zr-rich defect fluorite phase. Note that all of the samples in this work (and in ref. 24 and 35) have been synthesised at one temperature. It is not clear whether variation of synthetic conditions would lead to a variation in the composition or in the amount of each phase obtained. This prevents any detailed analysis of the thermodynamic stability of the phases, although this may be possible in future work if a wider range of synthetic conditions are employed. This picture is very different from those described in previous work on this system. Early work by Ku et al. 33 found a single phase present throughout the solid solution, with a distinct transition from pyrochlore to defect fluorite observed at x = 0.4, and this was confirmed in a subsequent study 34 using both X-ray and neutron diffraction, although large compositional steps (of x = 0.4) were used in both cases. This latter work, however, did note the difficulty in studying these materials using diffraction; with Zr 4+ and Y 3+ being isoelectronic (and, hence, having indistinguishable X-ray scattering factors), and all three cations having similar neutron scattering lengths. Although diffraction might be expected to be more sensitive to ordered phases, it was noted that the intensity of the pyrochlore superstructure reflections were extremely weak. In the latter work, the coexistence of a small but significant amount of a more disordered second phase was suggested for higher Sn content (though it is not clear for which samples this might be present) but, although a detailed study of the occupancies and positions of the oxygen sites in the more ordered phase was carried out, a single-phase refinement with fixed composition was performed in all cases. 34 More recent work by de los Reyes et al. 24 combined a number of techniques to study Y 2 Zr 2Àx Sn x O 7 , and prepared a series of samples with smaller compositional steps (of x = 0.2). Laboratory X-ray diffraction showed the complete loss of pyrochlore at x = 0.8, indicating the transformation to a defect fluorite phase. Raman spectra were interpreted as showing a gradual disorder (of both anions and cations) in the pyrochlore phase, that continued up to x = 1.0, and also suggested some local order in the defect fluorite phase observed. However, it was noted that the laboratory X-ray measurements did not have the resolution to detect any coexisting phases, given the similar X-scattering from isoelectronic Y 3+ and Zr 4+ , and all refinements considered a single phase of fixed composition. This work was subsequently extended by some of the authors, 35 with synchrotron X-ray diffraction appearing to suggest that pyrochlore phases are observed from x = 2.0 to 1.2, and defect fluorite for x = 0.6 to 0, with a two-phase region between x = 1.2 to 0.6. However, XANES spectra indicate continuous local structure variation over the compositional range. The presence of two phases is observed over a much greater compositional range using NMR spectroscopy, possibly owing to its sensitivity to local, rather than long-range, structure. It is very clear, however, from Fig. 2 , that many of the 89 Y MAS NMR spectra look very similar, containing significant (but evolving) amounts of both broader and sharp resonances, and indicating no abrupt change in the phase composition of the sample. The interpretation of the NMR data hinges on one crucial assumption -that the sharper resonances in the spectra can be associated with a pyrochlore phase, with the much broader ones attributable to disordered defect fluorite phases. There is, however, a significant amount of evidence to support this: (i) the similarity of the shape and width of the resonances between compositions, (ii) the systematic variation in line position of the broad resonances shown in Fig. 5(a) , suggesting a compositional variation of a similar structural phase, (iii) the self-consistent result from independent analysis of 89 Y and 119 Sn spectra and (iv) the width of the broader resonances even when x is low, suggesting considerable disorder not just in the local but also the longer-range environment.
There is considerable discussion in earlier work of the onset of cation and anion disorder with varying composition, with detailed studies of oxygen occupancies examining when each might occur and to what extent. 24, [33] [34] [35] MAS spectra for Y VI in the pyrochlore phase, suggesting that cation antisite disorder is either not present, or at least is below the detection level (i.e., the relative signal-to-noise ratio) of the spectrum. It may well be that the disorder observed in previous work using XANES or Raman 24, 35 results from the presence of the coexisting defect fluorite phase in these samples. Good agreement is obtained, however, between the coordination numbers determined by NMR spectroscopy (see Fig. 9 ), the molecular dynamics (MD) calculations and XANES results in ref. 35 . XANES suggested the coordination of Zr changed almost continuously from 7 at x = 0 towards 6 at lower Zr content, while that of Y varied from 8 in the pyrochlore (x = 2.0) phase to B7 in the defect fluorite phase. MD complex picture of the phase variation with composition emerges, with single-phase pyrochlore observed only for the Sn end member (x = 2.0), and a single defect fluorite phase only for x = 0 to 0.6. Using only the intensities of peaks in the NMR spectra (with spectral assignment aided by DFT calculations), we are able to obtain information on the proportion of phases present and their composition. A broad two-phase region is obtained, but the two phases present have very different composition, with the pyrochlore phase having a maximum amount of 13% Zr incorporated, whereas the composition of the defect fluorite phase varies throughout. However, the observation of such a large a two-phase region, and the difference in composition between the two phases does not agree well with previous diffraction studies of these materials, 24, [33] [34] [35] where in most cases a single phase of fixed composition has been assumed for the refinement procedure. The NMR spectra show little evidence for significant cation antisite disorder in the pyrochlore phase (i.e., this is below the detection limit of the measurement), but do show some preferential ordering of the anion vacancies in the defect fluorite phase. Sn is only ever found in a six-coordinate environment, while remaining vacancies are more likely to be associated with Zr than Y. These results are in good agreement with previous results using XANES and simple MD calculations. 35 It is anticipated that additional NMR measurements may also provide information. For example, measurement of the anisotropic shielding and its variation across the lineshapes may offer more insight into cation disorder within the defect fluorite phase -information that is not able to be extracted from the measurements performed in this work. Alternatively, the use of 17 O NMR spectroscopy also has the potential to offer information on the defect fluorite cation disorder, providing that the sample (and both phases within it) can be uniformly enriched. However, the results presented here, extracted simply from the NMR spectra without the imposition of any structural model, or any assumption of the composition, suggest the need to exercise caution when interpreting previous diffraction studies, and for significantly more detailed analysis (perhaps including two-phase and/or coupled refinements) to be used in the future, before the more detailed aspects of cation substitution and/or disorder are considered. These results highlight the use of complementary approaches if detailed and accurate pictures of the long-and short-range structure of such solids are to be obtained, and the need to carefully consider the information that is required and the limitations and sensitivity of all analytical techniques employed.
